Epididymosomes are small membrane vesicles that are secreted by epididymal epithelial cells and are involved in posttesticular sperm maturation. Although their role in protein transfer to the sperm membrane is well documented, we report their capacity to transport microRNAs (miRNAs), which are potent regulators of posttranscriptional gene expression. Using a microperfusion technique combined with a global microarray approach, we demonstrated that epididymosomes from two discrete bovine epididymal regions (caput and cauda) possess distinct miRNA signatures. In addition, we also established that miRNA repertoires contained within epididymosomes differ from those of their parent epithelial cells, suggesting that miRNA populations released from the cells may be selectively sorted. Binding of DilC12-labeled epididymosomes to primary cultured epididymal cells was measured by flow cytometry, and the results indicated that epididymosomes from the median caput and their miRNA content may be incorporated into distal caput epithelial cells. Overall, these findings reveal that distinct miRNA repertoires are released into the intraluminal fluid in a region-specific manner and could be involved in a novel mechanism of intercellular communication throughout the epididymis via epididymosomes.
INTRODUCTION
MicroRNAs (miRNAs) are important regulators of endogenous gene expression via RNA silencing and belong to a large family of small noncoding RNAs that are highly conserved among species and have a broad phylogenetic and physiological distribution [1] . The miRNAs are derived from hairpinstructured precursor sequences that are matured by Dicermediated cleavage to form miRNA duplexes of approximately 22 nucleotides. One of the duplex strands is preferentially retained by an argonaute effector (Ago) to generate a functional single-stranded miRNA within the RNA-induced silencing complex (RISC) [2, 3] . By regulating both mRNA stability and protein synthesis [4] , miRNAs govern a plethora of reproductive functions, including the control of different steps leading to proper fertilization, such as gametogenesis as well as oocyte and sperm maturation (for review, see [5] ). The epididymis is the site of posttesticular sperm maturation, which leads to the acquisition of sperm motility and the ability to recognize and fertilize oocytes. The impairment of miRNA biogenesis following Dicer1 depletion in the proximal regions of mouse epididymis triggers dedifferentiation of the epithelium and failure to generate offspring [6] , which illustrates the important role played by Dicer-dependent miRNAs in the physiology of the epididymis. This organ is a single, long, convoluted tubule divided into three main anatomical regions (i.e., the caput, the corpus, and the cauda) that each display different mRNA and miRNA signatures [7, 8] . Segmented gene expression patterns throughout the tubule result in distinct protein secretions in the intraluminal milieu-the so-called epididymal fluid-and the formation of microenvironments that are optimal for each step of sperm maturation [9] . Similar to other biological fluids, epididymal fluid contains membrane vesicles that measure 50-500 nm in diameter. These vesicles are called epididymosomes and are released from epididymal epithelial cells via apocrine secretion [10] . Epididymosomes play a major role in posttesticular sperm maturation by transferring proteins that are important for the acquisition of sperm-fertilizing ability to the sperm surface (for review, see [11] [12] [13] ). Heterogeneous populations of these vesicles are found in the epididymis with respect to their lipid and protein compositions and density [14] [15] [16] . The characterization of multiple populations of epididymosomes with distinct properties suggests that they are involved in a broader range of actions than previously expected.
Numerous studies indicate that in most-if not allbiological fluids, exosomes and other extracellular membrane vesicles shuttle miRNAs, which can be transferred to recipient cells and modulate endogenous gene expression via partial base-pairing with specific sites on target mRNAs [17] [18] [19] . Of interest is that similar to exosomes, epididymosomes express adhesion molecules, such as tetraspanins, integrins, and MFGE8 [14, 20] , that may be involved in selective targeting and uptake of their bioactive material by recipient cells [21] . The presence of miRNAs in human epididymosomes was extrapolated from the identification of miRNAs in seminal microvesicles, which were undetectable in the seminal plasma from vasectomized donors, as a result of the blockade of epididymal fluid contribution [22] . However, as a consequence of the paucity of human epididymal tissues, direct evidence of miRNA shuttling by epididymosomes has not yet been investigated.
We used a bovine model to explore the possibility that epididymosomes convey miRNAs and take part in an elegant mechanism of intercellular transfer of genetic information via miRNAs in the male reproductive tract. To this end, we determined the miRNA profiles of epididymosomes isolated by perfusion from two discrete regions of the epididymis, compared them with the miRNA content of epididymal epithelial cells from the same regions, and assessed the uptake of epididymosomes by primary cultures of epididymal epithelial cells.
MATERIALS AND METHODS

Ethics
The present study on bovine epididymal samples was conducted in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research (1992) and was in compliance with requirements from the ethical committee of the Institutional Review Board of the Centre Hospitalier Universitaire de Québec (CHUQ).
Tissue and Epididymal Fluid Sampling
Epididymides from sexually mature Holstein bulls were obtained from a commercial slaughterhouse. Tissues were stored on ice immediately after slaughter and processed within 3 h. Six epididymides from three different bulls were dissected. The intraluminal perfusion technique was adapted from that described by Belleannée et al. [23] to characterize the miRNAs contained in epididymosomes and their surrounding epithelium. In brief, after removal of the connective tissues from the middle caput region of the epididymidis, a small incision was made to allow the insertion of a catheter into the isolated tubule. The lumen was perfused with PBS (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 ) at a rate of 10 ll/min under the control of a syringe pump. The perfusate flowing out of the tubule was collected until a clear, sperm-free perfusate was obtained. Epididymal fluid from the cauda region was obtained by retrograde perfusion with a syringe inserted into the proximal portion of the vas deferens. To maximize the yield of epididymosome purification from each animal, we pooled the perfusates collected from the corresponding regions of paired epididymides. Spermatozoa were isolated from caput and cauda epididymal fluids by two centrifugations at 3000 3 g for 20 min at 48C, and supernatants were stored at À808C before epididymosome preparation. Once perfused, sperm-free tissues were directly frozen in liquid nitrogen and stored at À808C before miRNA extraction and purification.
Epididymosome Preparation
Epididymosomes were prepared as previously described [24] . In brief, the supernatants obtained by centrifugation at 3000 3 g were subjected to an ultracentrifugation at 120 000 3 g at 48C for 2 h in a swinging bucket rotor (MLS-50; Beckman Coulter). Pellets were resuspended in cold PBS and subjected to a second ultracentrifugation at 120 000 3 g at 48C for 2 h. Pellets were either fixed for scanning electron microscopy or resuspended in 50 ll of PBS before Bradford protein assay. Between 240 and 410 lg of protein containing epididymosomes were recovered from the different samples and then directly subjected to miRNA extraction and purification.
Scanning Electron Microscopy
Epididymosomes originating from the caput and cauda regions were fixed for 4 h in PBS containing 2.5% glutaraldehyde and 4% paraformaldehyde. Samples were postfixed in 1% osmium tetroxide in cacodylate buffer for 90 min, then rinsed with deionized water and dehydrated by immersion in aqueous solutions of increasing alcohol concentrations. Final drying was performed by immersion in hexamethyldisilazane and evaporation under a chemical hood. Dried specimens were mounted on a stub and sputter-coated with gold/ palladium. Specimens were then observed with a JEOL JSM 6360 LV scanning electron microscope (Soquelec) under 15-kV accelerating voltage.
Small RNA Extraction and Purification from Epididymosomes
Epididymosomal miRNAs were extracted and purified using the mirVana TM miRNA Isolation Kit (Life Technologies) according to the manufacturer's recommendations and following the enrichment procedure for small RNAs. In brief, epididymosome suspensions were disrupted in lysis/binding buffer and subjected to an organic extraction with phenol/chloroform followed by a solidphase extraction. Small RNAs were eluted in 100 ll of water, separated on an Agilent 2100 Bioanalyzer system (Agilent Technologies), and quantified using a NanoDrop 1000 microvolume spectrophotometer (Thermo Scientific).
Small RNA Extraction and Purification from Sperm-Free Epididymal Tubules
The miRNAs were extracted from perfused epithelia as previously described [23] . In brief, tissues were frozen in liquid nitrogen, powdered in a pestle and mortar, and homogenized in mirVana Lysis/Binding Buffer (Life Technologies). Small RNAs were purified with the mirVana kit as described above.
MicroRNA Microarray
The miRNA signatures of epididymosomes and surrounding epithelium from the caput and cauda regions of the epididymis were determined for three bulls. Three samples per group (i.e., epididymosomal miRNAs from the caput, epididymosomal miRNAs from the cauda, epithelial cell miRNAs from the caput, and epithelial cell miRNAs from the cauda) were labeled and hybridized separately on 12 miRNA microarrays. One hundred nanograms of each miRNA sample were subsequently labeled with the FlashTag Biotin HSR Labeling Kit (Genisphere) following the manufacturer's recommendations and hybridized to the GeneChip miRNA 1.0 Array (Affymetrix). This array contains 46 228 probes comprised of 7815 probe sets and controls and covers 71 organisms, including human, mouse, and bull. Microarray content is derived from the Sanger miRBase miRNA database v11 (April 15, 2008; miRNA.sanger.ac.uk) [25] and contains 125 bovine miRNA probe sets. Hybridization was performed according to the protocol described in the FlashTag Biotin HSR system (Genisphere). Microarrays were scanned with a GeneChip Scanner 3000 G7 (Affymetrix), and image data were analyzed with miRNA QC Tool software for quality control (www.affymetrix.com) and extracted with GeneChip operating software (GCOS v1.4; Affymetrix). CEL files were imported and analyzed with Partek Genomics Suite 6.5 software (Partek Incorporated).
Microarray Data Analysis
Robust multiarray analysis background correction was applied to data arrays, and postimport quality control was assessed on a box plot of log2 expression signals (Partek Incorporated). Differentially expressed miRNAs were analyzed by ANOVA pair-wise comparison between the four different groups followed by a false-discovery rate correction. The miRNA expression changes were identified using a P-value threshold of 0.01 with a minimum of twofold difference in either direction. Principal component analysis (PCA), unsupervised hierarchical clustering, and volcano plots were performed with Partek Genomics Suite 6.5 software.
Pulsed RT and Real-Time PCR on miRNAs
Real-time PCR quantification of miRNAs expressed in caput and cauda epididymosomes was performed to validate results streaming from the microarray analysis. Pulsed RT with stem-loop primers followed by quantitative PCR using SYBR Green (Roche Diagnostics) was carried out as previously described [8] . In brief, small RNAs were reverse transcribed using a stem-loop primer that was partially complementary to the miRNA of interest. Ten nanograms of miRNA templates were denatured together with 62.5 lM of each dNTP and 50 lM of the appropriate stem-loop RT primer for 5 min at 708C and then immediately put on ice. After addition of First-Strand Buffer (Life Technologies), 10 mM dithiothreitol, 4 units of RNase inhibitor (Roche Diagnostics), and 50 units of SuperScript III Reverse Transcriptase (Life Technologies), the mixture was incubated for 30 min at 168C, followed by pulsed RT of 60 cycles at 308C for 30 sec, 428C for 30 sec, and 508C for 1 sec. A final incubation at 858C for 5 min was performed to inactivate the reverse transcriptase. Quantitative PCR was performed on reverse transcribed templates with LightCycler FastStart SYBR Green I (Roche Diagnostics) according to the manufacturer's instructions. In brief, 0.5 lM of forward primer (miRNAspecific), 0.5 lM of reverse universal primer, and RT products were added to the SYBR Green I master mix. A no-template control was included. Samples BELLEANNÉ E ET AL.
were incubated at 958C for 5 min followed by 35-40 cycles of 958C for 5 sec and 608C for 10 sec in the LightCycler. Samples were denatured at 958C and then cooled to 658C at 208C per second for melting-curve analysis. Fluorescence signals were continuously collected at a wavelength of 530 nm from 658C to 958C at 0.28C per second. The primers used in the present study are listed in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). The RT and quantitative PCR were performed in duplicate on each sample. Four points were used to plot the standard curve (nondiluted sample and template dilutions of 1:2, 1:4, and 1:8). Results are expressed as relative quantification values based on cycle threshold (Ct) comparison between the different samples.
Epididymal Primary Cell Culture
Primary cell cultures were prepared from the distal caput region of bovine epididymides as previously described [26, 27] . After removal of the testis, caput epididymidis was carefully dissected free of fat and connective tissues. Dissected tubules were minced and rinsed with a saline solution (0.9% NaCl containing 10 IU/ml of penicillin and 100 mg/ml of streptomycin) until complete removal of spermatozoa from the supernatant. Pieces of tissue were digested in serum-free epididymal cell medium (ECM) [27] containing 2.5 mg/ ml of collagenase type II and 1.5 mg/ml of collagenase type I in a shaking bath at 378C for 90 min. Tissue clumps were removed, and cells were rinsed twice in ECM and cultured in a 12-well dish in fresh ECM supplemented with 10% fetal bovine serum in a humidified atmosphere containing 5% CO 2 at 378C.
Flow Cytometry and Fluorescent Microscopy of Epithelial Cells Coincubated with DilC12-Labeled Epididymosomes
Epididymosomes from caput epididymidis were labeled with 10 lg/ml of DilC12 lipophilic fluorescent dye (D-383; Life Technologies) in PBS for 30 min at 378C and ultracentrifuged at 120 000 3 g at 48C for 2 h in a swinging bucket rotor. Pellets were resuspended in ECM and protected from light before coincubation with epididymal epithelial cells. After reaching approximately 80% confluence, primary epididymal cell cultures were stained with 5 lM CellTracker Green 5-chloromethylfluorescein diacetate (CMFDA; Molecular Probes, Life Technologies) in ECM for 45 min at 378C. Cells were washed with PBS and incubated with serum-free ECM before coincubation with DilC12-labeled epididymosomes. Epididymal primary cell cultures were incubated for 1 min or for 1, 2, or 3 h with 200 lg/ml of DilC12-labeled epididymosomes. Cells were extensively washed with PBS, detached with 0.5 g/L of trypsin and 0.2 g/L of ethylenediaminetetra-acetic acid (Gibco, Life Technologies), and centrifuged at 600 3 g for 5 min at room temperature. Cell pellets were washed in PBS and then fixed in 4% paraformaldehyde for 15 min at room temperature. After a second centrifugation at 600 3 g at room temperature, the cell pellets were resuspended in PBS before analysis by flow cytometry and fluorescent microscopy analysis. Flow cytometry was performed with a BD LSR II SORP analyzer (BD Biosciences), and data were analyzed by FlowJo Software (Tree Star, Inc.). Cell suspensions for fluorescent microscopy were mounted on a slide with Vectashield supplemented with 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories) and observed under a Zeiss Axioskop 2 epifluorescence microscope (Carl Zeiss Canada). Results were compiled from three independent experiments.
RESULTS
Characterization of Two Populations of Small RNAContaining Epididymosomes
Epididymosomes from the caput and cauda regions of the epididymis were collected by microperfusion and purified as previously described [24, 28] . Results from scanning electron EPIDIDYMOSOMES ARE CONVEYORS OF miRNAs microscopic analysis of these two populations are presented in Figure 1 , A and B. The two epididymosomal populations exhibited a spherical shape with diameters ranging from 70 to 200 nm, which is in accordance with previously published data [14, 15] . No major structural changes were observed between these two samples. Furthermore, this observation indicated that epididymosome preparations were devoid of extravesicular contaminants and were relatively homogeneous. Small RNAs were purified from these two populations following a procedure that allowed the enrichment of RNAs up to 200 bases. The yield of small RNA purification from caput and cauda epididymosomes was assessed and normalized to the protein concentration found in each of these extracts (Fig. 1C) . With the assumption that the protein concentration was equivalent in the epididymosomes originating from the caput and cauda epididymidis, small RNAs were found to be threefold more abundant in epididymosomes from the proximal region compared to the distal region (Fig. 1C) .
MicroRNA Signature of Epididymosomes
To determine epididymosomal miRNA content, small RNAs extracted from caput and cauda epididymosomes were analyzed on miRNA microarrays (results are available online at www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE44365). Among 7815 probe sets examined on the chips, 125 corresponded to bovine miRNAs for which sequences were available in the miRBase miRNA database v11 (www.mirbase. org) [25] . As a result of the high degree of conservation of miRNA sequences among species [1] , miRNAs from different organisms that shared strong homology with bovine sequences were detected in our samples. Overall, 1645 miRNA sequences from among the 74 different species and 82 bovine miRNA sequences were detected with a strong signal intensity in epididymosomes (mean log2 intensity . 5) (Supplemental Table S2 ). Among these, miRNA members of the Let-7 and miR-200 families, in addition to miR-26a, miR-103, and miR-191 exhibited the highest signal intensity in both epididymosomal populations. ANOVA performed on the microarray datasets showed that 178 miRNAs were differentially detected between caput and cauda epididymosomes (fold-changes .2 or ,À2, P , 0.01), including 92 miRNAs enriched in caput epididymosomes and 86 enriched in cauda epididymosomes (Supplemental Table S3 ). The volcano plot in Figure 2 illustrates the overall pattern of miRNAs according to foldchanges and P-values of each miRNA. Whereas the cluster of entries found in the center of the plot indicates that most miRNAs were common between caput and cauda epididymosomes, entries found in lateral projections show that epididymosomes contain several miRNAs conserved among species that are enriched in one or the other population. For instance, miR-145, miR-143, miR-214, and miR-199 are strongly and significantly overexpressed in epididymosomes from caput BELLEANNÉ E ET AL. epididymidis, whereas miR-654, miR-1224, and miR-395 are more abundant in epididymosomes from the cauda region. Several miRNA sequences from different species were detected with very strong signal intensity, whereas their homologous bovine sequences were not present on the microchip. This was the case for miR-143 and miR-654, which are among the most characteristic miRNAs for each epididymal population. However, due to the high level of miRNA sequence conservation among species, most of the sequences that displayed a positive signal on the microarray were identical to bovine sequences available in the latest version of miRBase (v19, August 2012; www.mirbase.org) [25] . A selection of the results streaming from the microarray analysis was validated by real-time PCR (Fig. 3) . Indeed, we confirmed by RT-PCR that miR-145 and miR-199 were significantly enriched in epididymosomes originating from the caput region compared to those from the cauda, whereas miR-1224 and miR-654 were enriched in epididymosomes from the cauda. Consistent with the microarray data, quantitative PCR revealed no significant difference (P . 0.05) in the expression of Let-7b and miR-30c between the two populations of epididymosomes.
Difference in miRNA Composition Between Epididymosomes and Their Surrounding Epithelium
We determined whether epididymosomal miRNA content reflects the miRNA composition of the surrounding epithelium by comparing miRNA profiles of epididymosomes with miRNAs present in perfused sperm-free epididymal epithelium. PCA was performed on microarray datasets hybridized with miRNAs from caput and cauda epididymosomes and with miRNAs from caput and cauda perfused epithelia to examine the correlations among the data produced from different arrays (Fig. 4A) . Whereas similar overall patterns were observed for samples belonging to the same analytical group, we observed a lower overall similarity and correlation between epididymosomal miRNAs from distinct epididymal regions (r ¼ 0.8041) than between miRNA repertoires from caput and cauda epithelial cells (r ¼ 0.9324) (Fig. 4, A and B) . The miRNAs identified as being significantly more abundant in the caput epithelium compared to cauda included miR-72, miR-31, miR-187, miR-1308, miR-449, and miR-762 (P , 0.001, foldchange .5). In contrast, the intensity levels of miR-196, miR-424, miR-196b, miR-503, miR-322, miR-542, and miR-450 were increased in the cauda epididymidis (P , 0.001, foldchange .5). In addition, miRNA signatures of epididymo- EPIDIDYMOSOMES ARE CONVEYORS OF miRNAs somes differed from those of their donor epithelial cells (r ¼ 0.8117 for caput region and r ¼ 0.6837 for cauda region), suggesting that specific miRNA populations may be selectively sorted into epididymosomes (Fig. 4, A and B) . Indeed, ANOVA performed on microarrays indicated that 32 miRNAs were differentially expressed between caput epididymosomes and their surrounding cells, and 51 miRNAs were differentially expressed between cauda epididymosomes and the surrounding epithelium (fold-changes .20 or ,À20, P , 0.001) (Fig. 4C) . Most of these miRNAs were enriched in the epithelium, whereas a few were enriched in epididymosomes (Fig. 4C) .
MicroRNAs Follow Different Routes along the Epididymis and the Intraluminal Compartment
The majority of epididymal miRNAs, including miR-200a, were similarly expressed in the epithelium and extracellular vesicles (Fig. 5) . However, a lower fraction of miRNAs exhibited different profiles of expression along the epithelium and in the extracellular vesicles. For instance, whereas miR130a and miR-30c were highly expressed in epithelial cells and moderately detected in epididymosomes, miR-449 was markedly enriched in epididymosomes from both the caput and BELLEANNÉ E ET AL. cauda regions. Moreover, miR-214 was expressed in caput and cauda epididymidis and predominantly released in the intraluminal compartment via epididymosomes from the caput region. Other miRNAs exhibited preferred expression across different biological samples, such as miR-187, miR-542-3p, and miR-654-5p, which were primarily found in the caput epithelium, cauda epithelium, and cauda epididymosomes, respectively (Fig. 5) . These atypical miRNA expression profiles were strikingly consistent between the different individuals included in the present study.
Interaction Between Epididymosomes and Epididymal Epithelial Cells
Because epididymosomes express adhesion molecules and transport extracellular miRNAs, we hypothesized that once released into the intraluminal environment, miRNAs may act as paracrine factors and regulate gene expression of remote epithelial cells via delivery by epididymosomes. To analyze the capacity of epididymal epithelial cells to take up epididymosomes, we labeled purified epididymosomes with a fluorescent lipid dye (DilC12) and quantified the amount of DilC12-labeled epididymosomes associated with cultured primary epithelial cells after different incubation times (Fig. 6) . Cytometric analyses performed on cultured epithelial cells stained with CellTracker Green (CMFDA) showed that an increasing number of CMFDA-positive cells had incorporated fluorescent epididymosomes within 3 h of coincubation (Fig.  6A) . Fluorescence microscopy revealed that epididymosomes were localized close to the cell surface and exhibited patchy fluorescence patterns, suggesting binding to discrete membrane areas (Fig. 6A) . In addition, the binding mechanism by which epididymosomes adhered to the cell surface was relatively fast, because half of the CMFDA-positive cells had incorporated fluorescent epididymosomes after 1 h (Fig. 6B) . The mean fluorescence intensity of DilC12 detected in each sample indicated that the number of DilC12-positive epididymosomes bound to cells also increased with time (Fig. 6C) .
DISCUSSION
In most biological fluids, extracellular vesicles shuttle miRNAs, which are conveyed into recipient cells and modulate their function [17, 21] . Extracellular vesicles named epididymosomes are also present in the epididymal fluid bathing maturing spermatozoa, and they express adhesion molecules generally involved in selective targeting and uptake by recipient cells [21] . This supports the hypothesis that epididymosomes might mediate intercellular communication in a paracrine-like fashion between the different segments of the epididymis via miRNAs. The present study is the first, to our knowledge, to report the capability of epididymosomes to transport miRNAs and extends current knowledge concerning the role of epididymosomes in the transfer of proteins to maturing spermatozoa. 
EPIDIDYMOSOMES ARE CONVEYORS OF miRNAs
By using multispecies microarrays, we determined that epididymosomes carry different populations of miRNAs according to their region of origin (i.e., caput or cauda epididymidis). Whereas 82 bovine miRNAs were strongly detected in epididymosomes (mean log2 intensity .5), 1563 sequences that showed strong signal intensities were nonbovine miRNAs for which bovine homologues were not probed on the microarray. This was the case for murine and human miR-1224-5p, which are 100% identical to the bovine sequence due to the high level of miRNA conservation between species [1] . Currently, 755 mature bovine miRNA sequences are published and annotated according to the miRBase database v19 (www. mirbase.org) [25] . Because bovine probe sets were restricted to 125 on the multispecies microarray, most of the miRNA expression levels could be extrapolated to conserved sequences annotated in bovines. Unfortunately, a substantial number of miRNAs, including human miR-663, miR-923, miR-1226, miR-1228, and miR-1275, exhibit intense signal intensities in bovine epididymosomes but have no bovine equivalent described to date. In this case, miRNA expression cannot be inferred. This limitation, often encountered when studying large animals with partially annotated genomes, could be prevented by using deep-sequencing technology in future studies.
Our survey established that miRNA populations from epididymosomes do not mirror the miRNA profiles of their surrounding epithelium. This suggests that instead of being passively released by epididymal epithelial cells, subpopula- tions of epididymal miRNAs may employ selective and distinct biogenesis and secretion pathways that are regulated in a region-specific manner along the epididymis. Likewise, several studies have shown that the miRNA content of extracellular vesicles does not simply reflect the miRNA repertoire of the cells of origin [29] [30] [31] . Although mechanisms involved in the packaging of miRNAs before extracellular release remain unknown, enrichment of certain miRNAs into vesicles might be important to fine tune cellular miRNA profiles and, ultimately, to regulate cellular gene expression [32] . Distinct miRNA exportation occurs via the ceramide-dependent secretory pathway in exosomes and via the endosomal sorting complex required for transport (ESCRT) in shedding vesicles [33] . Epididymosomes consist of heterogeneous extracellular vesicles that were first characterized by electron microscopy as shedding vesicles generated by budding from the plasma membrane [10] . In bovines, a subpopulation of epididymosomes express CD9, a tetraspanin commonly considered to be a marker of exosomes [14] . Because exosome-like vesicles are only present in the cauda epididymidis in bovines (data not shown), the different miRNA patterns found in caput and cauda epididymosomes might reflect the heterogeneity of vesicle populations isolated from these regions. For instance, miR-654-5p, known to be enriched in exosomes derived from different cell types [31] , is remarkably enriched in cauda epididymosomes containing exosome-like vesicles. Further characterization of the miRNA content in different types of vesicles from epididymal fluid will help discriminate the function and fate of extracellular miRNAs in the male reproductive tract.
Extracellular vesicles are increasingly recognized as important mediators of cell-to-cell communication [18, 34] . Such a transfer of miRNAs by cell-secreted vesicles has been suggested within ovarian follicular fluid to help ovarian follicle maturation [35] and might also occur to assist, directly or indirectly, the sperm maturation process in the epididymis. We showed in vitro that epididymosomes from the proximal epididymidis can associate with epithelial cells located downstream of their release site. Whereas further studies will have to be conducted to validate the internalization of epididymosomes and discharge of their miRNA cargo into cells, our results suggest that epididymosomes may participate in paracrine-like communication between epithelial cells from different epididymal regions via miRNAs. On the basis of this hypothesis, epididymosomal miRNAs likely target mRNAs from the epithelial cells of the epididymis, an organ with strictly regulated spatiotemporal patterns of gene expression [7] . For instance, miR-145, which is abundant in epididymosomes from the caput region, regulates the expression of the cystic fibrosis transmembrane conductance regulator gene [36] , a Cl À -and HCO 3 À -conducting ion channel known to be widely expressed in the epithelial cells of the epididymis and vas deferens and associated with male infertility [37] . In addition, we previously showed that miR-145 follows a regionalized pattern along the human epididymis that strongly correlates with and regulates the expression profile of claudin 10, a tight junction protein involved in the blood-epididymis barrier [8] . As a result of its intense level of expression in both bovine epithelium and epididymosomes and its potential functions in the epididymis, miR-145 might be an important paracrine regulator of reproductive physiology. In addition, Let-7 family members and miR-200a/b tumor suppressors [38, 39] are the most abundant miRNAs found in epididymosomes. With the knowledge that the epididymis is an atypical organ with a privileged position in evading tumorigenicity [40] , potential paracrine inactivation of cellular oncogene products by miRNAs would be relevant to the maintenance of epididymal steadiness.
Although miRNAs control a wide range of physiological functions by regulating mRNA stability as well as protein synthesis, individual miRNAs appear to have a modest impact on the protein output and may act as cellular rheostats rather than switches [41] . The physiological influence of miRNAs in reproduction has been predominantly studied on Cre-inducible conditional knock-out mice lacking Dicer [6, 42, 43] , an miRNA processing factor for which null mutation blocks the synthesis of hundreds of miRNAs and endogenous-smallinterfering RNAs (endo-siRNAs). Therefore, the contribution of individual miRNAs in the regulation of reproductive functions remains unknown. To determine the role of selected epididymosomal miRNAs on epididymal functions and/or sperm maturation, it would be pertinent to study individual miRNA knock-out mouse models in vivo, as it has been performed in other fields of investigation [44] .
Among the constituents found in the epididymal fluid are the lumicrine factors that are released from the testis and regulate epididymal functions. Several investigations are focused on identifying these factors [45] . A portion of miRNAs isolated from the epididymal fluid likely originates from testicular secretions rather than release from the epididymal epithelium. For instance, miR-449 and miR-34c are two miRNAs enriched in epididymosome preparations that are also highly expressed in the testis [46] . Therefore, whereas attempts to identify lumicrine factors are mainly focused on protein components, nucleic acid molecules, such as miRNAs, found in the intraluminal milieu may also be worthy of further exploration in this context.
Whereas epididymosomes interact closely with the sperm membrane and play an important role in the transfer of proteins involved in sperm motility, oocyte recognition, and fertilization [11, 12, 47] , a mechanism of miRNA transfer from epididymosomes to male gametes is also conceivable for maturational or postmaturational purposes. Evidence suggesting that exogenous nucleic acid molecules can be efficiently transferred into sperm cells by artificial liposomes [48] and that vesicles from seminal fluid called prostasomes may fuse with sperm cells [49] lends support to this hypothesis. For instance, we found several highly expressed miRNAs in epididymosomes, such as miR-191, miR-125b, miR-638, miR-100, miR-289, and miR-15b, that have also been detected in ejaculated spermatozoa from a subpopulation of high-fertility bulls [50] . Of interest is the observation that spermatozoa carry several miRNAs that play a role during the first cell division of the zygote [51, 52] . However, further studies must be undertaken to determine the potential role of epididymosomes in modifying the miRNA array of maturing spermatozoa.
The composition of epididymal fluid depends on secretory activities of the different cell types found in the epithelium of the epididymis, which work in a concerted manner to create an optimal microenvironment for each step of sperm maturation. Several mechanisms of cross-talk between epithelial cells and spermatozoa as well as of epithelial cells alone have been described over the past 10 years and unveiled the remarkable complexity by which the epididymis is capable of sensing and controlling sperm environment [53, 54] . The present study demonstrates that epididymosomes transport different repertoires of miRNAs, which are released in a region-specific manner, and could be involved in a novel mechanism of intercellular communication in the epididymis.
